Biomineralization is the process in which living organisms use minerals to form hard 13 structures that protect and support them. Biomineralization is believed to have evolved 14 rapidly and independently in different phyla utilizing existing components used for other 15 purposes. The mechanistic understanding of the regulatory networks that drive 16 biomineralization and their evolution is far from clear. The sea urchin skeletogenesis is an 17 excellent model system for studying both gene regulation and mineral uptake and deposition. 18
VEGF signaling in sea urchin spiculogenesis, the downstream program it activates was 23 largely unknown. Here we study the cellular and molecular machinery activated by the 24 VEGF pathway during sea urchin spiculogenesis and reveal multiple parallels to the 25 regulation of tubulogenesis during vertebrate vascularization. Human VEGF rescues sea 26 urchin VEGF knock-down; VEGF-dependent vesicle deposition plays a significant role in 27 both systems and sea urchin VEGF signaling activates hundreds of genes including 28 biomineralization and vascularization genes. Five upstream transcription factors and three 29 signaling genes active in spiculogenesis are homologous to vertebrate factors that regulate 30 vascularization. Overall, our findings suggest that sea urchin spiculogenesis and vertebrate 31 vascularization diverged from a common ancestral tubulogenesis program, broadly adapted 32 Introduction 48 Biomineralization is the process in which soft organic tissues use minerals to produce shells, 49 skeletons and teeth for various functions such as protection and physical support (1). This 50 process occurs within diverse organisms from the five kingdoms of life, bacteria, protista, 51 fungi, animals and plants (1). Biomineralization is thought to have evolved independently 52 and rapidly in different phyla, through the use of preexisting components and the evolution of 53 specialized biomineralization proteins that utilize different minerals and shape them in 54 different forms (2, 3). To understand the biological control and evolution of biomineralization 55 it is essential to study the gene regulatory networks (GRNs) that control this process and 56 unravel their origin. However, the structure and the function of the GRNs that control 57 biomineralization processes were studied only for a few examples, mostly for the vertebrates' 58 bone and teeth formation (4, 5) . 59
The model of GRN that controls skeletogenic cell specification in the sea urchin embryo is 60 one of the most elaborate of its kind (6). Studies of the sea urchin larval skeleton have 61 significantly contributed to the field of biomineralization by illuminating the pathway of 62 mineral uptake and deposition in live embryos (7) (8) (9) ). Yet, the skeletogenic GRN was mostly 63 studied at the early stages of skeletogenesis before the spicules are formed and therefore it is 64 still unclear how the skeletogenic GRN controls spicule formation and biomineralization. 65
The sea urchin skeleton is made of two rods of calcite generated by the skeletogenic 66 mesodermal (SM) cells (Fig. 1A) . The SM cells ingress into the blastocoel, fuse through their 67 filopodia and form a ring with two lateral cell clusters (red cells in Fig. 3A ). In these clusters, 68 the cells construct a syncytial cytoplasmic cord into which they secrete vesicles of calcium 69 carbonate that form the calcite spicules (7) (8) (9) (10) (11) ). The spicule cord has a tubular 70 structure (8, 9) and the forming calcite rods have a circular shape (9) ). SM cell 71 migration, lateral cluster formation and sea urchin spiculogenesis are regulated by the 72 vascular endothelial growth factor (VEGF) pathway ( Fig. S2C, (6, 12, 13) ). The sea urchin 73 VEGF3 gene is expressed in two lateral ectodermal domains positioned in close proximity to 74 the SM lateral cell clusters and its receptor, VEGFR-10-Ig, is expressed exclusively in the SM 75 cells (Fig. 3A, (12, 13) . For simplicity, throughout the paper, we use the annotation VEGF for 76 VEGF3 and VEGFR for VEGFR-10-Ig (12)). VEGFR is a vital part of the echinoderm 77 biomineralization program as it is expressed in the skeletogenic cells of all the echinoderm 78 classes that produce larval skeletons (sea urchins and brittle stars (12, 14) ) and in the 79 skeletogenic cells of all studied adults (sea urchin and sea stars (12-15)). 80
To the best of our knowledge, VEGF signaling is not known to participate in 81 biomineralization outside the echinoderm phylum; but it controls tubular structure formation 82 across the animal kingdom ( Fig. 1G ). In vertebrates, VEGF guides the migration of 83 hemangioblasts, the progenitors of endothelial and hematopoietic cells, and drives the 84 formation of blood vessels during embryogenesis (vascularization), in adult ischemic tissues 85 and in cancer (angiogenesis) (16, 17) . In ascidians, VEGF signaling promotes the 86 regeneration of blood vessels (18). Within protostomes, VEGFR is essential for blood vessel 87 formation in the leech and the squid (19, 20) . In Cnidarians VEGFR is expressed in two 88 tubular organs: the gastrovascular canal and the tentacles (21, 22) . The participation of VEGF 89 signaling in generating tubular organs in different phyla raises the possibility that 90 biomineralization in echinoderms is evolutionary related to these other tubulogenesis 91 programs. Previous studies have shown that VEGFR inhibition completely abolishes spicule 92 formation (Fig. S2C, (12, 13) ), but how VEGF signaling and the skeletogenic GRN regulate 93 biomineralization is still unclear. Here we studied the mechanisms that VEGF signaling 94 activates during sea urchin spiculogenesis including vesicle accumulation and secretion, 95 transcriptional targets and their function and VEGF regulation of the upstream transcription 96 factors. We reveal intriguing similarities to the control systems that regulate vertebrate 97 vascularization that could support a common origin of these two distinct tubulogenesis 98 programs. 99
VEGF-VEGFR recognition is conserved between human and sea urchin
100 600 million years of divergent evolution between vertebrates and echinoderms have generated 101 significant differences in VEGF ( Fig. S1A ) and VEGFR sequences, distinctly, the sea urchin 102 VEGFR has ten Ig domains while vertebrate VEGF receptors have seven (12). Our models of 103 the structure of sea urchin VEGF and VEGF-VEGFR complexes show similarities to the 104 structure of the human proteins ( Fig. S1B ). Yet, the question remains: are these proteins 105 functionally similar? To test this we experimentally studied the recognition between human 106 VEGF and sea urchin VEGFR by overexpressing human VEGF in sea urchin embryos. We 107 injected the mRNA of one of the most abundant forms of human VEGF, Hs-VEGFa(165) 108 (23) into the eggs of the Mediterranean sea urchin, Paracentrotus lividus (P. lividus, Fig. 2A -109 F). Hs-VEGFa(165) overexpression results in the formation of ectopic spicule branching, 3 110 days post-fertilization (3dpf, (Fig. 2E,F) ), similar to the phenotype of sea urchin Pl-VEGF 111 overexpression ( Fig. 2C ,D). To verify that the observed phenotype is due to human VEGF 112 specific-activation of the sea urchin VEGF pathway, we conducted a rescue experiment, using 113 a sea urchin VEGF splicing morpholino antisense oligonucleotide (MO), tested before in this 114 species (12). Embryos injected with control MO and GFP mRNA show normal skeletal rods 115 at 2dpf while embryos injected with Pl-VEGF MO and GFP mRNA show severe skeletal loss 116 and a reduction in the level of the VEGF-target, SM30 ( Fig. 2G ,H,K,L. VEGF control of 117 SM30 was studied in (12, 13) ). Co-injection of Pl-VEGF MO with either human or sea urchin 118 mRNA partially rescues the knock-down skeletogenic phenotype and SM30 expression level, 119 in a similar way ( Fig. 2I-L) . Thus, human VEGF is able to rescue sea urchin VEGF knock-120 down with the same efficiency as sea urchin VEGF, indicating that VEGF-VEGFR 121 recognition is conserved despite the large evolutionary distance between these two organisms. 122 VEGF is required for calcium vesicle secretion 123 In both tubulogenesis and biomineralization, vesicle formation and secretion play an 124 important role. During vascular tubulogenesis, vesicles are formed in endothelial cells 125 through pinocytosis, an apical surface is established between two adjacent cells and vesicles 126 are secreted into the intercellular domain to form the lumen (cord hollowing (24, 25) ). When 127 VEGF signaling is inhibited, the apical surface still forms but the lumen is not generated (26). 128
Relatedly, during sea urchin biomineralization, calcium is accumulated through endocytosis 129
(10) and concentrated as amorphous calcium-carbonate in intracellular vesicles that are then 130 secreted into the spicule cord where crystallization occurs (Fig. 1F, (7, 9) ), however, the role 131 of VEGF signaling in these processes has not been previously investigated. 132
To study the role of VEGF in calcium vesicle accumulation and secretion we compared these 133 processes between normal embryos and embryos treated with the VEGFR inhibitor, axitinib, 134 at different developmental stages ( Fig. 3 ). Axitinib binds specifically to the kinase domain of 135 human VEGF receptor (27) that is highly conserved between humans and sea urchins ( Fig.  136 S2A,B). Axitinib treatment results in analogous phenotypes to those observed in VEGF and 137 VEGFR knock-down in P. lividus similar to its effect in other sea urchin species (Fig. S2C, 138 (13) ). We used calcein staining to mark calcium carrying vesicles (7) and FM4-64 to mark 139 cell membranes in live sea urchin embryos ( Fig. 3B ). Calcein staining does not distinguish 140 between the different phases of calcium within the skeletogenic cells, but can be used to track 141 the calcium ions. Calcium vesicles are visible in all cells of the embryo, in agreement with 142 previous studies (7, 10). VEGF inhibition does not prevent calcium vesicle accumulation in 143 the SM cells throughout skeletogenesis (arrows in Fig. 3B ), yet the calcite spicules form only 144 in normal embryos (arrow heads in Fig. 3B ). The number of calcium vesicles per area within 145 the SM cells does not change with VEGFR inhibition before spicule formation ( Fig. 3C , 16 146 hours post fertilization [hpf] and 20hfp, p>0.05, unpaired two tailed t-test). However, just 147 after spicule initiation, at 24hpf, there is a significant increase in vesicle number in the SM 148 cells in VEGFR inhibited embryos compared to control embryos, implying that vesicle 149 secretion might be repressed by VEGFR inhibition (Fig. 3C, p=0 .001, unpaired two-tailed t-150 test). A similar trend is observed at 30hpf but is not statistically significant (p>0.05, unpaired 151 two tailed t-test). Overall, these observations imply that calcium carrying vesicles are present 152 in the skeletogenic cells in VEGFR inhibition, yet the spicules do not form, possibly because 153 vesicle secretion is inhibited. Still, the cellular and molecular processes involved in vesicle 154 secretion downstream of VEGF signaling require further investigation. 155
VEGF controls the expression of biomineralization and vascularization genes 156
The formation of a tubular structure and vesicle secretion in various systems require the 157 activation of an extensive molecular tool kit that regulates cytoskeletal remodeling and other 158 cellular mechanisms (25, 28) . To identify the molecular mechanisms that sea urchin VEGF 159 activates during spiculogenesis we explored the change in gene expression in response to 160 VEGFR inhibition using RNA-seq before, during and after the spicules are formed (16, 20, 24 161 and 30 hpf, see Fig. S3A ,B for experimental design). Interestingly, a major transcriptional 162 response to VEGFR inhibition is detected only after the first stage of SM cell migration and 163 lateral cluster formation, at the onset of spicule formation (24hpf, Fig. S3C ). Relatedly, 164 VEGF guidance of cell migration during vertebrates' angiogenesis is mediated through direct 165 regulation of the cytoskeleton remodeling machinery (29, 30) . Possibly, similar mechanisms 166 are activated by sea urchin VEGF signaling to guide the initial SM cell migration. 167
In an additional RNA-seq experiment we detected a recovery of the expression of the 168 majority of VEGF-responsive transcripts at 24hpf and 30hpf, four and six hours after axitinib 169 was washed, respectively ( Fig. S3B,D) . The observed recovery in gene expression is in 170 agreement with the full recovery of the skeleton at the pluteus stage after axitinib wash (13). 171
We combined the results of the time course and wash experiments at 24hpf and 30hpf to 172 achieve high confidence in the prediction of VEGF targets ( Fig. S4E , Data S1 [differentially 173 expressed genes only] and Data S3 [quantitative RNA-seq data for all transcripts]). VEGFR 174 inhibition significantly affects the expression of hundreds of genes at 24hpf and 30hpf, 175 enriched with gene ontology (GO) terms related to growth factor signaling, biomineralization, 176 cell fate specification and interestingly, vasculogenesis and circulatory system development 177 ( Fig. S4 , Data S3). We studied the spatio-temporal expression and verified the response to 178 VEGFR inhibition of a few key VEGF target genes that participate in these biological 179
processes. 180
The formation of the sea urchin calcite spicules requires uptake and homeostasis of carbonate 181 ions (31) as well as the production of spicule matrix proteins that control calcium-carbonate 182 nucleation (32). Accordingly, within VEGF targets we observed enrichment of genes with 183 GO terms related to carbonate homeostasis and calcium binding, such as, members of solute 184 carrier HCO 3 transporter families (e.g., Pl-slc26a5, Fig. 4A ), the enzyme carbonic anhydrase 185 7 ( Fig. S5A ) and different spicule matrix proteins (e.g., Pl-SM30E, Fig. S5B , in agreement 186 with (12, 13)). These biomineralization genes are initially expressed broadly in the SM cells 187 independently of VEGF signaling (20hpf, Fig. 4A, S5A ,B, S6A-C). The expression of these 188 genes then localizes to the SM cell clusters and becomes critically dependent on the VEGF 189 pathway from 24hpf onward ( Fig. 4A, S5A ,B, S6A-C). This implies that the 190 biomineralization proteins encoded by these genes could still be present in the skeletogenic 191 cells in VEGFR inhibition at 24hpf, which precludes them from explaining the complete 192 skeletal loss in this condition. Possibly, these biomineralization proteins are necessary but not 193 sufficient for spicule formation or they require additional post-transcriptional activation that 194 depends on VEGF signaling. 195
We identified several VEGF targets that have vertebrate homologs essential for 196 vascularization or angiogenesis; e.g., notchl1 (16) Pl-rhogap24l/2 is required for normal spiculogenesis 208 We wanted to study the role of VEGF-target, the cytoskeleton remodeling gene, Pl-209 rhogap24l/2 ( Fig. 4D ), since cytoskeleton remodeling is critical for tubulogenesis (25) and 210 vesicle secretion (28) in other systems. Pl-rhogap24l/2 is homologous to the family of 211 vertebrate genes encoding the Rho-GAPs (GTPase-activating proteins), arhgap24, arhgap22 212 and arhgap25 (35-38) (see Pl-rhogap24l/2 phylogenetic tree, Fig. S7 ). Isoforms of arhgap24 213 and arhgap22 are among the highest expressed Rho-GAPs in endothelial cells (35, 36) and 214 arhgap25 is expressed primarily in hematopoietic cells (39). Mammalian Arhgap22, 24 and 215 25 are activated by RhoA, and subsequently inactivate RAC1 (37). Hence, they contribute to 216 the counteracting interactions between RhoA and RAC1, essential for correct cytoskeleton 217 rearrangement (36). Particularly, knockdown of Hs-arhgap24 in Human Umbilical Vein 218
Endothelial Cells (HUVEC) culture inhibits blood vessel formation (35) . 219
To explore the role of Pl-rhogap24l/2 in sea urchin skeletogenesis we studied the phenotype 220
of Pl-rhogap24l/2 knockdown by the injection of translation and splicing MOs ( Fig. 5A-C,  221   Fig. S8 ) and overexpression by the injection of mRNA of Pl-rhogap24l/2 (Fig. 5D,E) . These 222 opposing perturbations result in an ectopic spicule branching of both the body and postoral 223 rods at 3dpf (Fig. 5F) . Possibly, the sea urchin Pl-Rhogap24l/2 contributes to the oscillations 224 between RhoA and RAC1 activities (36, 38) and therefore either up or down-regulating it 225 interferes with the balance between these small GTPases and impairs spicule branching. Thus, 226 the VEGF target, Pl-rhogap24l/2, a sea urchin homolog of endothelial Rho-GAP genes, is 227 activated by VEGF signaling at the SM cells and its function is necessary for normal 228 skeletogenesis. 229
Spiculogenesis gene regulatory network 230
Our results show that VEGF signaling activates its targets specifically at the lateral SM 231 clusters located most proximally to the ectodermal VEGF secreting cells (Fig. 4E ). By that, 232 VEGF signaling could be contributing to the differential gene expression at this subset of 233 cells that is required for spicule initiation there. Yet, VEGF is a signaling molecule and the 234 transcriptional activation of its targets has to be mediated through a skeletogenic transcription 235 factor. Therefore we wanted to investigate which transcription factors are expressed in the 236 skeletogenic cell clusters at the time of spiculogenesis and whether their expression is VEGF-237
dependent. 238
The skeletogenic gene regulatory network was studied in great detail mostly at the early 239 stages of sea urchin development (6). Some of the early skeletogenic transcription factors turn 240 off within the skeletogenic cells hours before the spicules form (40) (41) (42) (43) or were shown to be 241 unaffected by VEGF perturbation (Tbr (12)). We therefore focused on the remaining six 242 skeletogenic transcription factors: Ets1/2, Erg, Hex, Tel, FoxO and Alx1 (6) The sea urchin genes, ets1/2, erg, hex, tel, foxo and alx1 are expressed in the skeletogenic 248 cells, including the skeletogenic clusters, at the time of spicule formation and the expression 249 of hex depends on VEGF signaling (23-25hpf, Fig. 6A-F, Fig. S6K-P) . Unlike the localized 250 expression of VEGF targets, the expression of some of these transcription factors extends to 251 the oral (erg, tel and foxo) and aboral (erg, foxo and alx1) parts of the skeletogenic ring of 252 cells (see vegetal views in Fig. 6A-F ). Of these, the most likely mediators of VEGF signaling 253 are the ETS factors, Ets1/2, Erg and Tel of which, ets1/2 is specifically localized at the SM 254 lateral clusters at 24hpf (Fig. 6A ). The expression of the genes ets1/2, erg, hex and tel, is 255 detected also in non-skeletogenic mesodermal cells at the tip of the archenteron that 256 differentiate into hematopoietic and myogenic cells ( Fig. 6A-D) . Thus, the combination of 257 transcription factors expressed at the SM cell clusters at the time of spicule formation 258 includes the VEGF-independent expression of the transcription factors, Ets1/2, Erg, Tel, 259
FoxO, Alx1 (Fig. 6) and Tbr1 (12), as well as VEGF targets, Hex, Pitx1 and MyoD1 (Figs. 260 6C, S5E,F, S6I,J). We summarize our results in a partial model of the spiculogenesis GRN 261 portraying the similarities and differences to vertebrates' vascularization GRN (Fig. 6G) . 262
Discussion

263
To gain a mechanistic understanding of the biological control of biomineralization and its 264 rapid, parallel evolution we need to study and compare the GRNs that control it. The larval 265 skeleton of the sea urchin is a prominent model that contributed significantly both to the 266 understanding of GRN structure and function (6) and to the field of biomineralization (7-9). 267
The sea urchin embryo builds its biominerals inside a tubular cavity, using VEGF signaling, a 268 key driver of vascular systems and tubular organs in other animals (Fig. 1G ). Here we 269 unraveled some of the cellular and molecular mechanisms activated by VEGF signaling to 270 drive sea urchin biomineralization. Our findings reveal multiple parallels to the mechanisms 271 that drive vertebrates' vascularization, that raise the possibility that the sea urchin 272 biomineralization evolved through a co-option of an ancestral vascular-tubulogenesis 273
program. 274
Vesicle secretion into an internal cavity is critical for both sea urchin biomineralization and 275 for lumen formation during vascular tubulogenesis (7-9, 24). In vascularization and other 276 systems, vesicle secretion and lumen formation are controlled by cytoskeleton remodeling 277 proteins (25, 28). Here we show that VEGF signaling is necessary for vesicle secretion from 278 the skeletogenic cells ( Fig. 4) . VEGF transcriptional target, the cytoskeleton remodeling gene, 279 rhogap24l/2 is necessary for normal skeletogenesis and interfering with its expression results 280 with ectopic spicule branching (Fig. 5) . Relatedly, the cytoskeleton remodeling proteins, 281 ROCK1 and CDC42, known mediators of VEGF signaling during vascular tubulogenesis (52, 282 53), are critical to normal spicule formation in the sea urchin embryo (54, 55). Thus, to fully 283 understand the molecular control of calcium vesicle secretion and spicule cavity formation it 284 is critical to study VEGF direct control of cytoskeleton remodeling proteins. 285
Our studies portray the transcriptional gene network that sea urchin VEGF activates and the 286 similarities between the spiculogenesis GRN and the GRN that controls vascularization (Fig.  287   6G) . VEGF signaling regulates the expression of hundreds of genes at the onset of spicule 288 formation, including regulatory, biomineralization and vascularization related genes ( Fig.  289 S3C-E, S4). The ten transcriptional targets we focused on here require VEGF signaling for 290 their localized expression at the SM cell clusters, the subset of skeletogenic cells that generate 291 the spicules (Fig. 4, S5) . To identify the possible mediators of the transcriptional response to 292 VEGF signaling we studied the skeletogenic regulatory state: the combination of regulatory 293 genes co-expressed within this cell lineage (56, 57) . The regulatory state is considered to be 294 the hallmark of GRN and cell type homology that lingers throughout evolution (56, 58) . 295
Remarkably, a common set of five transcription factors (Ets1/2, Erg, Hex, Tel and FoxO) and 296 three signaling pathways (VEGFR, Notch and Angiopoetin) essential for vascularization (16, 297 33, 46-50) are expressed at the sea urchin SM clusters at the time of spicule formation (Figs. 298 6G, black gene names). Indeed, these regulatory genes and pathways are also involved in 299 other developmental processes across metazoans, but their co-expression in a cell lineage is 300 unique to vertebrates' endothelial cell and vascularization (46) (47) (48) (49) (50) . The similarity in the 301 downstream regulatory and effector genes is lower, but the shared downstream genes are 302 linked to the process of tubulogenesis which is the common morphogenetic event between 303 these different cell types. Overall, the similarity between the spiculogenesis GRN and the 304 GRN that drives endothelial cell specification and vascularization supports a common 305 evolutionary origin of these two networks. 306
Strengthening this hypothetical evolutionary scenario is the regulatory resemblance of both 307 the sea urchin skeletogenic cells and vertebrates' endothelial cells to the hematopoietic cell 308 lineage and their distinction from vertebrates' biomineralization programs. We didn't find 309 similarities between the sea urchin spiculogenesis GRNs and the networks that drive bone and 310 teeth formation in vertebrates (4, 5). This is expected from the convergent evolution of 311 biomineralization programs (2, 3). On the other hand, four transcription factors that drive sea 312 urchin skeletogenesis and vertebrate vascularization are also drivers of hematopoietic cell 313 differentiation, both in sea urchins ( Fig. 6A-D, (59) ) and in vertebrates (47, 60) . Furthermore, 314 when the skeletogenic cells are removed during sea urchin development, cells of the 315 hematopoietic lineage change their fate and generate spicules, demonstrating the linked 316 regulatory capacity of the two sea urchin lineages (61). The resemblance between vertebrates' 317 hematopoietic cells and endothelial cells is understood, as these two lineages originate from 318 the same progenitor cells, the hemangioblasts (60). The association between the skeletogenic 319 and hematopoietic lineages in the sea urchin could be explained if they evolved from two 320 closely related ancestral programs of vascularization and hematopoiesis. 321
We speculate that the ancestral tubulogenesis program was a simple vasculogenesis program, 322 generating a simple blood vessel, like the capillary and unlike the complex multi-layered 323 structure of vertebrates' arteries and veins (62). Indeed, the diameter of the spicule cord is 324 about 4µm (Fig. 1C-E) , which is of the order of the average size of the capillary (62). 325
However, while the SM cells generate the spicule cord but keep their round mesenchymal 326 shape (Fig. 1G) , the vertebrates' endothelial cells form an epithelial layer that constitutes the 327 blood vessel (24, 25) . Thus, there are differences not only in the filling of the tubes but also in 328 the shape of the skeletogenic and endothelial cells that must have evolved through major 329 changes in the ancestral GRN. 330 Relatedly, there are apparent differences between the spiculogenesis and the endothelial 331
GRNs, that our model underrepresents (Fig. 6G) . Multiple gene duplications have occurred in 332 vertebrates leading to several paralogs of every sea urchin gene, for example, Ets1/2 333 duplication into Ets1 and Ets2, Erg duplication into Erg and Fli, and the multiple vertebrates' 334 paralogs of FoxO, . Yet, the conserved VEGF-VEGFR 335 recognition between human and sea urchin implies that these genes originated from the same 336 protein families and are functionally related. These gene duplications might have supported 337 the evolution of the complex vascularization system of vertebrates with its specialized arteries 338 and veins. Distinctive to the sea urchin skeletogenic cells are the activation of the 339 transcription factors Tbr, Alx1 and Pitx1 and the expression of the echinoderm specific 340 spiculo-matrix proteins and other biomineralization related genes (32) (Fig. 6G, blue genes) . 341
Furthermore, the shared transcription factors, Ets1/2, Erg, Hex, Tel and FoxO had likely 342 acquired new targets encoding biomineralization related proteins (6). These and probably 343 other differences between the sea urchin skeletogenic GRN and vertebrates' vascularization 344 GRN, had possibly contributed to the divergent outcome of these two morphogenetic 345
programs. 346
In the GRN diagram we divided VEGF targets into three different functional modules: 347 regulation, biomineralization and tubulogenesis (Fig. 6G) . While in the skeletogenic cells 348 these modules are probably tightly linked, it could be that they represent the actual building 349 blocks from which the sea urchin skeletogenic GRN evolved. Computational simulations of 350 the evolution of biological networks have shown that changing goals speedup evolution and 351 leads to a modular network structure, where different blocks are responsible for different 352 tasks (63, 64). This could be an example of the way that phylum specific biomineralization 353 programs had rapidly evolved through the insertion of novel biomineralization modules into 354 ancestral developmental GRNs. 355
Materials and Methods
356
Embryos were cultured in artificial sea water (Red Sea Fish Farm LTD)) at 18°C. Exact 357 number of biological replicates and of embryos scored for each condition in the experiments 358 described in this work is available in Table S1 . 359
Imaging: Embryos were fixed and prepared for scanning electron microscopy as described in 360 the appendix SI. Light microscopy of live embryos was done using either Ziess Axioimager 361 M2 or Nikon A1R confocal microscope. 3D model of the spicule was generates using 52 362 confocal stacks by the software Imaris 7.6.5. Calcein staining was done using green calcein 363 (C0875, Sigma, Japan) or blue calcein (Y27632, Sigma). We used FM4-64 (T13320, Life 364 technologies, OR, USA) to stain membranes in live embryos. Further information is provided 365 in appendix SI. 366 VEGF and VEGFR protein models were constructed based on known structures of human 367 proteins from PDB as described in appendix SI. Protein sequence alignments were done using 368
ClustalOmega. 369 mRNA injection: cDNA of 30hpf P. lividus embryos was used as a template for the cloning 370
of Pl-VEGF and Pl-rhogap24l/2 cDNAs (Primer list is provided in Data S5). Hs-VEGFa(165) 371 is a gift from Gera Neufeld and Ofra Kessler. mRNAs were generated and microinjected into 372 sea urchin eggs. For VEGF rescue experiment mRNA was microinjected into sea urchin eggs 373 along with random or VEGF splicing MO (12) . Statistical analyses were done using IBM 374 SPSS statistics version 21. Injection solutions and further details are provided in appendix SI. 375
Calcium vesicle quantification VEGFR inhibition was done using by axitinib (AG013736, 376
Selleckchem, Houston, TX, USA), in a final concentration of 150 nM. Experiments were 377 conducted in three biological replicates for each time point. Cell area was measured in Fiji 378 and vesicles per cell area were counted manually by three different people. Statistical 379 analyses were done using IBM SPSS statistics 21 as described in appendix SI. 380 Rhogap24l/2 phylogenetic analysis: The 100 top blast hits for Pl-Rhogap24l/2 were genes 398 from the family of rhogap22, 24 and 25 of different species. We generated a phylogenetic tree 399 of this family using different chordates, hemichordates and echinoderm genes, as described in 400 appendix SI (Fig. S7A ). This analysis indicates that the Echinoderm predicted 401
RNA-seq experiments
RhoGap24/22/25 proteins form a monophyletic clade that separated from other deuterostomes 402 prior to paralogue formation in vertebrates. 403
Quantitative polymerase chain reaction (QPCR) was performed following the procedures 404 outlined in (66) with some modifications described in details in appendix SI. Complete list of 405 primer sequences is provided in Data S5. 406
Whole mount in-situ hybridization (WMISH) procedure RNA DIG probes were generated 407 using ROCHE DIG labeling kit (catalog number 1277073910) and SP6 polymerase 408 10810274001 sigma. WMISH was performed as described in (43) exact number of embryos scored is provided in Table S1 ). between the upstream transcription factors were studied only at earlier stages (6) and are 493 therefore indicated in dashed lines. TF refers to the transcription factor that mediates VEGFR 494 signaling. Blue gene names indicate skeletogenic specific genes and black names indicate 495 genes common to both spiculogenesis and vascularization (46-50, 60, 67, 68 
